Caenorhabditis elegans is a useful organism for testing chemical effects on physiology. Whole organism small molecule screens offer significant advantages for identifying biologically active chemical structures that can modify complex phenotypes such as lifespan. Described here is a simple protocol for producing hundreds of 96-well culture plates with fairly consistent numbers of C. elegans in each well. Next, we specified how to use these cultures to screen thousands of chemicals for effects on the lifespan of the nematode C. elegans. This protocol makes use of temperature sensitive sterile strains, agar plate conditions, and simple animal handling to facilitate the rapid and high throughput production of synchronized animal cultures for screening.
Introduction
Here a protocol is described that was developed for high throughput screening of chemical compounds for effects on Caenorhabditis elegans lifespan. The protocol itself is readily adaptable to other phenotypic screens, including studies utilizing reporter C. elegans strains. This protocol was successfully utilized to identify a novel biologically active compound, NP1 (nitrophenyl-piperazine 1), that strongly extends the lifespan of C. elegans through a dietary restriction mechanism. NP1 and a characterization of its effect on lifespan, including a description of the genetic pathways at play, was previously described elsewhere 1 . That report also includes a description of the results from a large-scale implementation of the screen. Here we describe in much greater detail the methodology and setup of the screen itself, which is scalable for both small-and large-scale applications.
The goal that led to the creation of the protocol described here was to develop a C. elegans culture platform that allowed for the rapid screening of large chemical libraries for novel biologically active compounds. While chemical screens have been performed prior to the development of this protocol, these were mainly small-scale and/or candidate type approaches 2, 3 . Indeed, most of the screens performed in the lab on tens of compounds utilized stress resistance assays, with hits being screened for longevity effects 4 . This study sought instead to directly screen for lifespan effects. Remarkably, there were few descriptions in the scientific literature at the time of performing large scale chemical screens with C. elegans. Indeed, compared to other types of screens 5, 6, 7 , large-scale chemical screening using C. elegans seemed to be under-employed.
There were two descriptions of large scale chemical screens in C. elegans that were used as a basis to develop this approach. The first of these was an elegant study from Peter Roy's laboratory using chemical screens to identify compounds that could perturb the development of animals. The study then followed up with a forward mutagenesis screen to identify the genetic targets of these chemicals 8 . The protocol described in that study used 24-well pates, which was simply unworkable for this study's specific needs (limited amounts of chemical in the library and limited available incubator space). The other study was Michael Petrascheck's innovative and ambitious small-molecule screen for lifespan extending chemicals 9, 10 . That study used 384-well plates and liquid cultures. The other main feature of this screen was the use of FUDR (5-fluorodeoxyuridine) to chemically inhibit progeny production. After considerable consideration of the protocol described in that study, both chemical sterilization and liquid cultures of C. elegans were avoided.
Although FUDR is widely used in C. elegans lifespan experiments, there were concerns that FUDR might cause unanticipated drug interactions, or that FUDR itself may have some effect on lifespan. Recently this latter concern has been validated, at least at some concentrations and in particular at 25 °C 1. Decant the egg pellet and buffer into a sterile glass petri dish with a cover. Rinse the remaining eggs from the tube into a dish using a serological pipette with 2-3 mL of S basal. Add 5 mL of S basal to ease crowding, as this may encourage hatching, as will light shaking (20 rpm with a belly dancer orbital shaker). Incubate overnight at 20 °C, to allow eggs time to hatch (16-24 h). All hatchlings will arrest at the 1 st larval stage (L1) due to the absence of food. NOTE: Anecdotal evidence indicates that fresh L1 preparations (16-36 h after egg collection) generate the most synchronous populations of adult worms. 2. Collect L1s in a 15 mL tube with a serological pipette. Spin down L1s in a centrifuge (1,000 x g for 1.5 min), aspirate away the supernatant, and repeat until all L1s have been collected from hatching plates, while leaving 10 mL of S basal for next step. 3. From the tube containing L1s, micropipette out 0.01 mL (immediately after mixing) and dispense it onto an unseeded (no E. coli) NGM plate.
Count the number of L1s on the plate. Repeat 10 times and obtain an average for the number of L1s in each aliquot. Generally, expect between 1-3 L1s per µL (when starting with 1 mass culture plate containing 20 eggs). 4. Determine with a serological pipette the volume of S basal holding the L1s. Then extrapolate with the determined average number of worms per 0.01 mL, obtained in the previous step, to estimate the total number of L1s. Generally, expect between 10,000-30,000 L1s (per mass culture plate containing 20 eggs). 5. To use this culture in 96-well assay, dilute the L1 suspension to 1 L1 per µL in a sterile round media bottle, then proceed to step 7. If this culture is to be used to generate additional C. elegans mass cultures, then proceed to step 6.
Large Scale Synchronous Culture Preparation
NOTE: L1 solutions can be used to quickly increase worm populations.
1. To generate large worm numbers with an L1 solution, dispense up to 5,000 L1s on each of the desired number of mass culture plates. Collect gravid adults 2.5 days later (20 °C) as described in steps 4.1-2, and proceed to step 4.3 to collect the eggs. 2. As it has been anecdotally observed that repeated hypochlorite collection can stress the subjugated population, split populations by picking eggs for propagation prior to subjecting the remaining population to hypochlorite treatments, so that multiple generations of the population are not repeatedly subjected to hypochlorite solution treatment.
Setup of 96-Well Assay Plates
1. Allow the assay plates (prepared in step 3.3) to reach room temperature. Then, in a laminar flow cabinet, add 5 µL of concentrated OP50 (prepared in step 2.2) to each well. As before, use an automated 8 channel dispenser. 2. Add 10 µL of L1 suspension to each well using an automated 8 channel dispenser. This will yield on average 10 worms per well, since they are present in the suspension at 1 L1 per µL. To promote equal distribution of L1s from the slurry, dispense L1s from a round media bottle actively mixed with a moderately slowly turning stir bar. 3. Cover plate with lid, box batches of plates, and incubate at 25 °C for 2 days.
Treating 1 st Day Adult C. elegans with Chemicals
1. Remove chemical library plates from the freezer, and allow plates to reach room temperature before proceeding. NOTE: Chemical library plates as described here are 96 well plates containing discrete compounds in each well, all of which are at the same concentration and dissolved in DMSO. These libraries do not utilize the outer columns, and so each plate has a maximum of 80 distinct chemicals. In the protocol described here, the library concentration is 10 mM. It is important to consider solvent effects on phenotypes. While this study screens at a DMSO concentration of 0.5%, this level was never exceeded in these lifespan assays and in low throughput assays, where it is more likely to pick a compound stock solution concentration. This protocol does not exceed 0.25%, which is a level at which lifespan modifications do not occur 16 , at least in the N2 strain. 2. Gently shake plate at 60 rpm on a microplate shaker for 1 min immediately prior to use. 3. Using an automated 96-well liquid handler, transfer 0.75 µL of compound (or DMSO) from the library plate to the assay plate. The depth of the pipette during liquid delivery to the assay plate is controlled carefully, such that the pipette tips of the liquid handler are delivering the 0.75 µL volume to the ~15 µL of liquid on the surface of the agar (with worms and concentrated OP50 from steps 7.1-2) and does not pierce the agar surface in the well. Do not use manual 8 or 12 multi-channel pipettes except in very small screens (<10 plates), as they can increase error and often result in puncturing of the agar surface, which compromises the assay. 4. Prepare chemical library negative control plates with DMSO (dimethyl sulfoxide), assuming the library being tested uses DMSO as the solvent. Make 1 negative control plate for every 5 test plates, up to 10 negative control plates. If possible, also make a positive control plate (NP1
Drying Cultures
1. To remove liquid from the surface of the agar, dry plates in the laminar flow cabinet for 4-8 h. It is critical that these plates are dried completely but do not become desiccated. As some plates will take longer to dry than others, monitor all plates closely and remove as soon as they are dry. Confirm drying by careful visual inspection of the individual wells of the plate. NOTE: Depending on factors that include the exhaust rate of the cabinet, the time this takes must be empirically determined. This drying step can take about 4-8 h for a full cabinet. 2. Seal plates with transparent film, then put on the plate lids. 3. Spin the 96-well assay plates for 45 s at 1,000 x g. 4. Store plates inverted at 25 °C.
Scoring C. Elegans Cultures for Longevity
1. Monitor negative control plates until >95% mortality is observed. Check plates weekly for the first two weeks and daily thereafter.
Caenorhabditis cohorts of the same strain and species can display significantly different lifespans by trial 17 . NOTE: For the lifespan assay described here, with TJ1060 animals cultured at 25 °C, 95% mortality in these populations has occurred from adult day 16-20. 2. When negative control wells are considered to have reached the >95% mark, spin down all 96-well assay plates for 45 s on a table top centrifuge with a microplate adapted rotor (250 x g for 45 s at 20 °C). 3. Score all wells in the control plates. This is done by counting and recording the number of alive and dead animals in each well. Dead worms can be differentiated from alive worms by their complete lack of movement. Provoke movement in alive worms by dropping the 96 well plate from approximately 7 cm onto the dissecting microscope surface while looking through the eyepiece for any evoked response. Dead worms will not respond, and nearby lab mates may not appreciate the repetitive noise. 4. For the test plates, count and record only wells containing live worms. When a live worm is observed, count all alive and dead animals in that well, along with the well position and plate. NOTE: It is often useful to re-score the plates after >99% of negative control worms are dead. In large scale screens, this may be the best point to do the initial scoring. In either case, score/re-score as described above
Re-Testing Compounds
1. When testing only a small number of candidate compounds (<320 compounds), as with a re-test or a candidate screen (see Representative Results), restrict the assay to the 32 central wells in an effort to minimize possible plate effects. This leaves the 2 wells closest to the edge of the plate untreated but still containing agar, food, and worms.
Representative Results
We begin by examining representative results from employing this protocol for 96-well lifespan assays. In the first example, the method was used to screen through 30,000 chemicals to successfully identify chemicals that extend the lifespan of C. elegans, and also includes results from the follow-up re-test screen of the best performing chemicals using the same protocol. These results were previously described 1 . The second example uses the same protocol in a smaller-scale screen of candidate compounds.
Large-scale screen and re-test:
The large-scale screen testing 30,000 compounds was performed at a single dose, in duplicate. Each chemical was therefore tested in two wells with an expected total animal population of 20. To accomplish this, three discrete sets of 10,000 compounds (in duplicate) were screened over a period of ~3 months to cover the entire 30,000 compounds. This was done in part, to ensure a manageable amount of manual scoring at the end of the assay and required a total of 260 of the 96-well assay plates in each of the sets. In library stock plates, only 80 wells contained compound; one replicate of 10,000 compounds makes 125 assay plates. This study used 2 replicates with 10 negative control plates in each set. To increase throughput, plates were scored when negative control populations were assessed to have experienced ~99% mortality. All test wells were then examined for live worms.
Chemicals in wells with one live worm were called hits. Chemicals in wells containing more than 1 worm alive were also called hits, and additionally all the worms in those wells (alive and dead) were counted to generate a simple score (percent alive score; the number of alive worms divided by the number of dead worms). Each chemical in the library could therefore be called a hit twice and those hits could, but might not, have scores associated with them. 512 distinct chemicals were called hits (at least once) from the screen of 30,000 compounds. The screen was performed with the intention of identifying potent and/or robust (reproducible) pro-longevity effects. These two different properties may have distinct effects. Potent chemicals could dramatically increase lifespan, in which case we would expect a high percent of worms to be alive in that chemical's well. For robust chemicals, both replicates would be expected to have live worms. The hit list was ranked based on these criteria. 179 of the chemicals yielded high percent alive scores, or were hit in both replicates and were therefore chosen for re-testing. Most of the remaining chemicals that were called hits, but not selected for re-testing, had only contained a single worm alive in one of the replicate wells.
Re-testing of the hits was performed, similar to the primary screen except with 3 replicates (expected total animal population of 30), and careful quantification of the lifespans of the animals in the untreated control plates. These changes were added to aid in comparing the test and control wells. 179 of the chemical hits were re-ordered, diluted to 10 mM, and moved into 96 well plates. Only the inner 24 wells were used for the retest assay (current versions of this protocol would have used the inner 32 wells as described in the protocol section for re-test screens) and the compounds were re-tested in triplicate with six negative control assay plates treated with DMSO solvent. One negative control plate was scored periodically for total survival ( Figure 1A) . When approximately 95% of control animals were dead, all plates were completely scored (all treated live and dead worms were counted). To call hits from the re-test results, a cut-off was made at the average percent alive score of the negative control +2 standard deviations (SD). For the test wells, averaged percent alive (at the time of scoring) scores were calculated by averaging the percent alive score from three replicates for each well. For this particular assay, negative control wells' average percent alive scores were calculated as the average of three replicates for 48 wells (2 sets of triplicate negative control plates). The SD used to call hits from the re-test chemical set was the SD across the 48 negative control averaged percent alive scores. Using this strategy, this study found 57 hits from the re-test library of 179 compounds, demonstrating that a total of 32% of the re-test chemicals tested positive ( Figure 1B) . Binning of the averaged percent alive scores for the negative control and test wells indicated that the test wells outperformed the control wells ( Figure 1C ).
Candidate screen: Small scale screens can be performed in a manner similar to the retest described above. Here, we describe the results from a candidate screen with 139 compounds. These candidates were assembled as structures likely to promote longevity. For this screen, we performed 5 replicates of the test plates at two different doses (50 µM and 100 µM). Additionally, we used 8 negative control plates, with a single positive control (NP1) plate containing two different doses; 50 µM and 100 µM.
Negative control plates were monitored until ~90% of animals were dead. At that time, wells were scored by counting live and dead worms in all control wells, and from test wells that contained live worms. The percent alive at the time of scoring were used to calculate averaged percent alive scores for each well. For the negative controls, 32 wells had percent alive scores from 8 replicates. For the positive controls, there were 4 well scores averaged across 4 replicates for each dose. Hits were called for wells with an averaged percent alive score that was greater than the averaged negative control percent alive score +2 SD. This cutoff left 14 hits from the candidate screen and excluded all of the negative control wells. That cutoff also included all of the positive control wells treated at 100 µM and 50% of the positive controls treated at 50 µM. These results are presented here as binned averaged percent alive scores for both the 50 µM (Figure 2A ) and the 100 µM (Figure 2B ) test screens.
Finally, all plates were re-scored at a late time point, which corresponded to a time when greater than 99% of the negative control treated animals were dead. Those results indicated that the positive control wells far out-performed the negative control and test wells ( Figure 2C) . While the test wells were slightly better than the negative controls. This latter result is biased by the indication that many of the test wells appeared to exhibit toxicity relative to the control treatment ( Table 1) , thereby confounding this simple interpretation. This was to be expected, since the candidate library was a true screen of chemicals with unknown biological activity in C. elegans, while the re-test screen was essentially pre-screened for compounds that were not toxic. Since this primary screen was for compounds that lengthened lifespan, significantly toxic chemicals should not have been in the re-test set. Representative results from a high throughput screen and re-testing (A) Survivorship curve from a representative negative control plate used in the re-test assay. This curve was constructed from scoring all live and dead worms in the 24 wells used in this assay 4 times over the 18 days of the assay. At day 18 of adulthood, controls were assessed to havẽ 5% survival and all control test and plates were then also scored. (B) Table summarizing the results of the screen and re-test. (C) Binning of the wells averaged percent alive scores for both control and test conditions from the re-test screen. For controls, scores are from 48 wells each consisting of the average of 3 replicates. Test results are from 179 wells each consisting of the averaged score from three replicates. Figure 1 is reproduced from a previous publication Here we present the binning of the averaged percent alive scores from the two screens (re-test and candidate). In the re-test screen, the peak is similar to the negative control with the re-tests outperforming the negative control dramatically on the right (long-lived) side of the table. This indicates the presence of multiple pro-longevity compounds present in the re-test set. In the candidate screen, we see that the peak is in the all dead category, while there is also an apparent signal from the right side of the table. This indicates the presence of pro-longevity compounds in the candidate set, but also indicates the presence of significant toxicity among the candidate set of compounds.
Discussion
Here we have described a simple method for culturing C. elegans in 96-well plates. We describe these cultures for use in chemical screening and lifespan assays, but they can be used for many types of assays. While multi-well culture conditions for chemical screening have previously been reported 8 , including for lifespan analysis 10 , the assay described here differs in several ways. The lifespan assay described here utilizes 96-well plates, relies on sterile mutants (instead of chemical sterilization), uses agar culture conditions, uses simple liquid handling to move worms, and is manually scored at the endpoint. The different approaches used in this assay may be of help to researchers looking for screening methods that include these conditions. Crucial elements to this protocol mainly center on the quality of the plates produced for the assay. First, when making plates it is imperative that the agar surface is free of bubbles and other imperfections. These variations in the agar surface almost always lead to burrowing and loss of the well. Second, this protocol relies on drying off liquids deposited during the setup and drugging stages. It is critical that these liquids are completely removed, but the agar does not become dried out. Anecdotally, it appears that worms in wells that are not completely dried (swimming in liquid) live longer than properly dried wells, while over-drying of the plates leads to desiccation and cracking of the agar, which leads to worm burrowing and loss. Another crucial element of this protocol is maintaining sterile conditions. As with any lifespan assay, there is a lot of work involved with the plate setup, and many opportunities and time exist for assay ruining contamination to settle and grow on the plates. While the lifespan assay described here is useful for screening of compounds in C. elegans, it is limited to particular genetic backgrounds, as it relies on a temperature sensitive (ts) sterile strain; we used TJ1060, which has high sterility penetrance. This restricts the strains available for screening with this method. Alternative approaches including crossing ts sterile mutations into the desired background or using chemical sterilization. We have not tried chemical sterilization with this assay, but it should be possible. Potential hurdles include placing the sterilizer on the worms at the correct stage and in the proper dose. The protocol described here uses a liquid dispenser that is fast, but does not appear to dispense adults effectively. So, these worms develop on the plates and therefore must be treated with the sterilization chemical on the plates. Determining the optimal dose and timing would be important for success. Alternative strategies include using a dispensing method that can move adults. In the past, we have found that machines able to identify and sort adults are generally much slower than the simple liquid handlers, which can dispense homogenous slurries of suspended larva.
In general, we use this method to rapidly screen chemicals and treatments for large positive effects on lifespan. The method is particularly effective when used with multiple doses, high replicate numbers, and close monitoring of negative controls that are always maintained and interspersed among the test plates. Positive controls are also useful when designing and implementing the screens described in this manuscript. However, to be an effective positive, the control would need to be fairly potent and/or highly robust. When the screen was originally deployed, a suitably potent and robust compound could not be identified. Currently, there are many reports in the 'aging' literature of likely candidates for positive controls useful in the screens described here. As described in the candidate screen section of the expected results section of this manuscript, and in Figure 2 and Table 1 , the compound NP1 is an effective positive control for this screen. We generally confirm positive hits from these screens with standard lifespan assays on 3 mm culture plates.
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